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ABSTRACT 

- Ab i n i t i o  se l f -cons is ten t - f ie ld  (SCF) and configurat ion i n t e r a c t i o n  

(CI) ca l cu la t ions  which include a l l  s i n g l e  and double e x c i t a t i o n s  from 

up t o  th ree  reference funct ions have been performed f o r  t h e  l i n e a r  approach 

(C-) of C 

t he  2C+ sur face  the  saddle poin t  and b a r r i e r  he ight  were determined. The 

computed b a r r i e r  he ight  of 20 kcal/mole is e s s e n t i a l l y  t h e  same as t h e  empi- 

r i c a l l y  cor rec ted  b a r r i e r  of Liskow, e t  a l .  

was observed t o  be very similar t o  t h a t  determined by Liskow, e t  a l .  

i n t e r a c t i o n  of t he  2C+ and 211 sur faces  w a s  inves t iga ted .  The loca t ion  

of t h e  i n t e r s e c t i o n  leads t o  t h e  conclusion t h a t  i n  near  

low energy path e x i s t s  by which 

energy requirement i n  excess of t he  endothermicity of t he  reac t ion .  

+ t o  €I2. Both the  2C+ and 211 sur faces  were s tudied.  For 

The geometry a t  t h e  saddle  poin t  

The 

C- symmetry a 

CH+ '1' can be formed, with l i t t l e  o r  no 
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In t reduct ion  
+ 

The previous t h e o r e t i c a l  work on the  r eac t ion  C + H2 by Liskow, 

Bender, and Schaefer (LBS)' mapped out m o s t  of t h e  i n t e r e s t i n g  f e a t u r e s  

of t he  corresponding p o t e n t i a l  energy surfaces .  

double z e t a  (DZ) b a s i s  set,2 which yielded only q u a l i t a t i v e  accuracy. In 

fact ,  some major d i screpancies  between the   experiment^^-^ and theory were 

That i n i t i a l  s tudy used a 

observed. 

9 Pearson and Roueff showed t h a t  using a double z e t a  p lus  p o l a r i z a t i o n  

(DZP) b a s i s  se t  r a d i c a l l y  changed t h e  surfaces .  

of C t o  H2 (CZv symmetry), they found t h a t  t h e  i n t e r s e c t i o n  of t h e  

and 2B1 su r faces  w a s  lowered from 10.3 kcal/mole above t h e  r e a c t a n t s  

energy (DZ) t o  15 kcal/mole below the  r eac t an t s  (DZP,). This  showed a 
+ 

poss ib l e  low-energy passage t o  

mental observat ion t h a t  t he re  is no threshold f o r  

C + H2. 

For t h e  sideways approach 

2A1 
+ 

CH2, which is cons i s t en t  with t h e  experi-  

CH+ formation from 2 
+ 

+ + 1 +  The l i n e a r  approach of C t o  H2 t o  form CH ( C ) + H a l s o  appears 

t o  show a d i f f e rence  between experiment and theory.  LBS had a b a r r i e r  of 

28.4 kcal/mole relative t o  the  reac tan ts .  They empir ica l ly  cor rec ted  t h i s  

t o  20.1 kcal/mole af ter  not ing t h a t  t h e  computed endothermicity of t he  re- 

ac t ion  was too l a r g e  by 8.3 kcal/mole. Based on h i s  i n t e r p r e t a t i o n  of 

experimental  r e s u l t s ,  Herbst lo has concluded t h a t  some mechanism which 

allows the  formation of CH ( ) with l i t t l e  t o  no b a r r i e r  must  e x i s t .  The 

two most l i k e l y  p o s s i b i l i t i e s  a r e  t h a t  t he  b a r r i e r  is an a r t i f a c t  of the  l e v e l  

+ 1 +  

of ca l cu la t ion  used by LBS, o r  t h a t  an avoided cross ing  i n  lower symmetry 

allows the  co r re l a t ion  of ground s t a t e  r eac t an t s  with ground s ta te  products.  

The na ture  of t h i s  c o r r e l a t i o n  is similar t o  t h a t  discussed by LBS and Pearson 

and Roueff f o r  t he  low energy passage f o r  C H ~  i n  c~~ symmetry. 



The coordinate  system used here  f o r  t h e  discussion of t h e  linear 

approach is t h e  same as t h a t  of LBS. The separa t ion  d is tance  between the  

two hydrogens i s  labe led  

the  nea res t  hydrogen atom is  labeled R. The 2c+ and 211 p o t e n t i a l  

energy curves,  copied from LBS, are shown i n  Figure 1. These curves re- 

r, while separa t ion  between the  carbon atom and 

* 

present  d i f f e r e n t  c u t s  through the  sur faces  and t h e  point  a t  which t h e  

curves c ros s  does no t  i nd ica t e  an a c t u a l  i n t e r s e c t i o n  of t he  2C+ and 211 

sur face ,  since they have d i f f e r e n t  values  of r ;  however, they help i n  an 

understanding of t h e  poss ib le  low-energy passage i n  low symmetry. The *E+ 

curves is i n i t i a l l y  repuls ive ,  reaching a maximum a t  t h e  saddle  po in t  and 

then descending t o  ground state products,  H('S) + CH ( E ) .  The 'II curve, + 1  

which is i n i t i a l l y  a t t r a c t i v e ,  becomes repuls ive  and c o r r e l a t e s  with exc i ted  

CH+(311). If t h e  C+ ion i s  moved o f f  the  l i n e a r  a x i s  t he  symmetry is reduced 

t o  Cs. One component of t h e  211 sur face  becomes 2A' while t h e  second 

becomes 2A" . The 2C+ curves is now labeled as 2A' .  I n  Cs symmetry 

the  2A' component of t h e  211 state w i l l  no t  c ross  the  2E+-like 2A',  but  

ins tead  w i l l  c o r r e l a t e  with the ground s t a t e  products. Thus f o r  cases of 

near  

2JI-like 2A' 

avoided cross ing  and then follows the  

Cmv symmetry, we could consider a r eac t ion  path which starts on t h e  

curve, remains on the  ad iaba t i c  ground state curve, a t  the  

2C+-like curve t o  products. The 

b a r r i e r  f o r  t h i s  path i s  given by t h e  he ight  of t he  avoided crossing above t h e  

reac tan ts .  

t he  lowest i n t e r s e c t i o n  of t h e  2C+ and 211 sur faces  i n  the  c o l l i n e a r  approach. 

An upper bound estimate of t h i s  height  can be obtained by loca t ing  

2 ~ +  Surface 

The 9s5p b a s i s  set of Huzinaga" w a s  contracted t o  double ze t a  follow- 

ing Dunning.12 A set of d funct ions (a = ,751 centered on t h e  C atom and 

* 
We thank Professor  Schaefer f o r  permission t o  reproduce Figure 5 of r e f .  1. 
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a set of p function (a = 1.0) on each H were added to the basis set. 

This is the same DZP basis as used by Pearson and Roueff. 

The entire surface is well described by a single configuration 

9 

2 2 2 1  la 2a 3a 4u 

After performing SCF calculations, a CI treatment including all single 

and double excitations, CI(SD), was performed. The CI calculations were 

performed using the programs developed by Shavitt and co-workers. l3 

CI(SD) calculations yield a classical (no zero point energy) endothermicity 

of 14.9 kcallmole. 

12.5 kcal/mole, and represents a reduction of the error from 8.3 kcal/mole 

LBS) to only 2.4 kcal/mole. CI(SD) calculations were performed at the LBS 

saddle point (R = 2.51 and r 2.11 bohr). The barrier height using the 

DZP basis was found to be 2 3 . 4  kcal/mole above the isolated reactants. 

Applying Davidson' s15 correction for quadruple excitations lowers the barrier 

to 21.7 kcal/mole, but leaves the endothermicity unchanged. 

These 

This is in good agreeemnt with an experimental value14 of 

The saddle point was then determined for the DZP basis at the CI(SD) 

level. A grid of 6 X 5 points was used (R = 2.4, 2.5, 2.525, 2.55, 2.6; 

r = 1.8, 1.9, 2.0, 2.1, 2.2, 2.3). The saddle point was located at R = 2.51 

bohr and r = 1.96 with a barrier height of 23.1 kcal/mole. The resulting 

H-H distance is 0.15 bohr shorter than the LBS result (this can, in part, 

be due to the difference in grid size, 0.1 bohr for here, compared to 0.4 

bohr for LBS) ,  but the DZP barrier height is lowered by only 0.3 kcal/mole. 

If we follow LBS and substract the error in the endothermicity from the 

barrier height, the results are essentially the same; 20.1 (LBS) and 19.0 

(with Davidson correction) kcal/mole. It seems clear that the LBS predicted 
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b a r r i e r  of ‘L 20 kcal/mole is cor rec t .  

8 kcal/mole g r e a t e r  than t h e  endothermicity. 

This represents  a b a r r i e r  

2n Surface 

The 2TI s u r f a c e  w a s  t r e a t e d  i n  a d i f f e r e n t  manner than done by LBS. 

The configurat ion 

2 2 2 1  la 20  30 40 , 

+ 
is  needed t o  desc r ibe  C + Ha,  while 

(3)  2 2  l o  20 3011~4a , 
+ 3  is  needed t o  descr ibe CH ( TI) + H. LBS ca r r i ed  out  a single-configuration 

(2) SCF c a l c u l a t i o n ,  followed by C I  including a l l  s i n g l e  and double exci ta-  

t i o n  from both reference funct ions ( 2 )  and (3). The C I  c a l cu la t ion  w a s  

i t e r a t e d  several t i m e s ,  each using t h e  n a t u r a l  o r b i t a l s  from the  previous 

i t e r a t i o n .  l6’l7 This w a s  done t o  improve the  o r b i t a l s  and ob ta in  a smooth 

curve. 

Rather than use a single-configuration SCF and then improve the  o r b i t a l s  

a t  t h e  C I  level with n a t u r a l  o r b i t a l  i t e r a t i o n s ,  we s t a r t e d  from a two-configu- 

r a t i o n  SCF (TCSCF), which included configurat ion (2) p lus  t h e  configurat ion 

( 4 )  2 2 2  lo 2a 40 1Tr 

I f  we ignore the  IT e l e c t r o n  and consider only the  0 e lec t rons ,  i t  i s  

known t h a t  a TCSCF using configurat ions (2) and (3) i s  equivalent  t o  a TCSCF 

using (2) and (4), t h e  former giving t h e  loca l i zed  o r b i t a l  so lu t ion ,  while 
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t h e  la t ter  g ives  t h e  de loca l ized  so lu t ion .  I f  t h e  71 e lec t ron  is added 

t h i s  is no longer  exac t ly  t rue .  Configuration (3) can be coupled t o  form 

two doublet  func t ions  , one with 3011~ coupled t o  'II, and t h e  o the r  

t o  'II. Since we are i n t e r e s t e d  i n  t h e  311 state  of CH , t he  calcu- 
+ 

l a t i o n  could be designed t o  produce t h a t .  

2 and 4 w i l l  produce a r e s u l t  which is a mixture of 'II and 311 coupled 

CH'. It r ep resen t s  s i n g l e t  coupling of the  CH' sigma o r b i t a l  with t h e  

The TCSCF using occupations 

hydrogen atom, followed by coupling t h e  IT e l e c t r o n  t o  t h i s  t o  y i e l d  an 

o v e r a l l  doublet .  To overcome t h i s  problem, a l l  t h r e e  conf igura t ions  (2 ) ,  

(3 ) ,  and (4) w e r e  used as reference configurat ions f o r  t h e  C I  and a l l  

s i n g l e  and double e x c i t a t i o n  r e l a t i v e  t o  the  t h r e e  were included. A t  t he  I 

products po in t  an SCF ca l cu la t ion  w a s  performed using only conf igura t ion  

(3) ,  coupled t o  

t a t i o n  from t h a t  configurat ion.  The d i f fe rence  between t h e  411 C I  and t h e  

3-reference 211 C I  w a s  only 0.04 kcaljmole. Since t h e  importance of 

. 

411, followed by C I  including a l l  s i n g l e  and double exci-  

conf igura t ions  (3) and (4) decreases  monotonically from products t o  reac- 

t a n t s ,  optimizing the  o r b i t a l s  f o r  t h e  weighted average of CH+ 311 and 

II does no t  add any appreciable  e r r o r .  

A t  i n f i n i t e  separa t ion  between C+ and H2 t h e  'II and *E+ states 
+ should be degenerate,  s ince  both c o r r e l a t e  with t h e  'P state of C , 

but  as a r e s u l t  of t h e  model used, t h e  

lower. A t  t h e  products,  t he  'Z+ - 311 separa t ion  i n  CH+ was computed 

t o  be 28.0 kcal/mole, which i s  i n  good agreement with t h e  accura te  value 

of 26.3 kcal/mole by Green, e t  a l .  

curve, t h i s  represents  a % 6 kcal/mole improvement over LBS. 

211 energy is a c t u a l l y  0.662 kcal/mole 

A s  with the  endothermicity of t h e  2C+ 
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Surface I n t e r s e c t i o n  

C I  (SD) ca lcu la t ions  were next  performed t o  l o c a t e  t h e  i n t e r s e c t i o n  

of t h e  2C+ and 'TI sur faces .  The lowest i n t e r s e c t i o n  po in t  found w a s  

a t  R = 2.2 and r = 2.73 bohr a t  2.43 kcal/mole above the  endo- 

thermic i ty  of t h e  2C+ reac t ion .  Since the  equi l ibr ium d i s t ance  f o r  CH+ 

is 2.17 bohr and the  l i n e  of i n t e r s e c t i o n  is very f l a t  from 

R = 2.3, r i s i n g  only 0.6 kcal/mole, smaller R values  were not  considered. 

For l a r g e r  

tances and h igher  energy. 

R = 2 .2  t o  

CH' bond lengths ,  the  c ross ing  takes  p lace  a t  longer  H-H d i s -  

If t h e  min imum energy pa ths  f o r  both t h e  'll and 21? su r faces  are 

considered, they would never approach t h i s  region where the  su r face  c ross ing  

occurs s i n c e  these  pa ths  involve r a t h e r  d i f f e r e n t  values  of r. However, 

i f  a b i l l a r d  b a l l  model of k i n e t i c s  is assumed, t h i s  region is  access ib le .  

If t h e  incoming C+ ion  h i t s  t he  H2 molecule nea r ly  end-on and t h e  mo- 

mentum is t r a n s f e r r e d  t o  t h e  far hydrogen atom, the  H-H bond s t r e t c h e s .  

Discussion 

I n  order  t o  put  t hese  ca l cu la t ions  i n t o  perspec t ive  w e  have summarized 

+ lC+ our C I ( S D )  r e s u l t s  i n  Table 1. The CH - '~t  sepa ra t ion  is i n  e r r o r  

by Q 2  kcal/mole, as i s  the  2C+ endothermicity.  The 'JI r e a c t a n t s  are 

too low by Q0.7 kcal/mole. Because of  these  e r r o r s ,  i t  is not  unreasonable 

t o  expect as much as 4 kcal/mole e r r o r  i n  the  pred ic ted  su r face  crossing.  

I n  Figure 1 we have labe led  the  endpoints A, B, C ,  and D. Correct ing 

t h e  known e r r o r s  represents  lowering A by 2 kcal/mole, r a i s i n g  D by 0.7 

kcal/mole and lowering B by 4 kcal/mole. 

f ixed  when t h e  endpoints are cor rec ted ,  t h e  poin t  of i n t e r s e c t i o n  would be 

s h i f t e d  t o  lower energy. Reducing the  symmetry t o  Cs by moving o f f  t he  

If the  shape of t he  curves is held 
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axis, would also serve to lower the energy of the intersection. Thus 

these calculations indicate a surface intersection of at no more than 

2 kcal/mole, and most likely less than 2, in excess of the endothermicity 

of the reaction. 

Conclusions 

The improved calculations presented here for the linear approach of 

C+ to H2 show many of the same qualitative features as those20f the 

Liskow, Bender, and Schaefer surfaces. The barrier on the 2C+ surface 

is computed to be Q 2 0  kcaljmole or Q8 kcal/mole greater than the endo- 

thermicity of the reaction. The directly computed surface crossing pro- 

vides a path for reaction with a barrier of Q 2  kcal/mole above the endo- 

thermicity of the reaction. When the remaining errors are considered, we 

conclude that a path slightly off 

barrier in excess of the endothermicity of the reaction. 
Cmv symmetry would have little or no 
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+ Table 1. Summary of l i n e a r  C + H2 CI(SD) r e s u l t s  

(energies i n  kcal/mole) 

2C+ Saddle po in t  (relative t o  r e a c t a n t s  ! 

LBS' 

t h i s  work 

LBS 

t h i s  work 

experiment b 

Computed Corrected R (bohr) r (bohr) 

28.4 20.1 2.51 2.11 

23.1 19.0 2.51 1.96 

2C+ Endothermicity 

20.8 

14.9 

12.5 

Products: 

LBS 18.3 

t h i s  work 28.0 

CH' 'E' - 'II energy d i f f e rence  

I: 
Green, e t  a l .  26.3 

Reactants: C + + H2 2C' - 'I7 energy d i f f e rence  

t h i s  work -0.66 

co r rec t  value 0.00 

Surface I n t e r s e c t i o n  (relative t o  products) cw 

C ompu t ed R (bohr) r (bohr) 

2.43 2.2 2.73 

%ef. 1 

b R e f .  15 

R e f .  18 
C 
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1 I 1 
.r - 

+ 3  

- "" (n)+H 
- 

+ I '+ CH ( C  )+H 

I 
0 2 5 b) 

I 1 1 - 
R (  bohrs) - 

XBL7310-4162 

Figure 1. Energy p r o f i l e s  along minimum energy paths for  l inear  

+ C + H2 -f CH+ + H, as calculated by Liskow et  a l .  [l]. 
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